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With a microwave-regime cyclic three-state configuration, an enantiomer-selective state trans-
fer (ESST) is carried out through the two-path interference between a direct one-photon coupling
and an effective two-photon coupling. The pi-phase difference in the one-photon process between two
enantiomers makes the interference constructive for one enantiomer but destructive for the other.
Therefore only one enantiomer is excited into a higher rotational state while the other remains in
the ground state. The scheme is of flexibility in the pulse waveforms and the time order of two
paths. We simulate the scheme in a sample of cyclohexylmethanol (C7H14O) molecules. Simulative
results show the robust and high-fidelity ESST can be obtained when experimental concerns are
considered. Finally, we propose to employ the finished ESST in implementing enantio-separation
and determining enantiomeric excess.
I. INTRODUCTION
Although two enantiomers, a chiral molecule and its
mirror image, may share many physical and chemical
properties, living creatures consider them as different
molecules because of their divergent biological activities
and functions. This biological enantio-selectivity charac-
ter of chiral molecules has been recognized as important
for chemistry [1–3], biotechnology [4–6], and pharmaceu-
tics [7–10]. So the property of chirality is one of the
most profound aspects of the world, and the enantiomer-
selective tasks of chiral molecules, e.g., enantiomer sep-
aration, enantiomer purification, absolute configuration
determination, and enantiomeric excess determination,
are of great significance. Except the widely used pure
chemical means [11–16], optical methods are potential
candidates for performing the enantiomer-selective tasks
of chiral molecules [17–22]. Some spectroscopic tech-
niques have been established for the determination of the
absolute configuration and enantiomeric excess of a chi-
ral sample, such as circular dichroism [23], vibrational
circular dichroism [24], and Raman optical activity [25].
However, these techniques arise from the interference be-
tween electric-dipole and weak magnetic-dipole transi-
tions, or in some cases involve the interference between
the electric-dipole and weak electric-quadrupole transi-
tions. Therefore these techniques require generally high-
density samples [26–28]. For the enhanced probe sig-
nals, chiral molecules have been widely studied using
spectroscopic techniques, e.g., ultrafast resonant X-ray
spectroscopy [29, 30] and Raman optical activity by co-
herent anti-Stokes Raman scattering spectral interferom-
etry [31, 32].
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Recently, alternative schemes based on a cyclic three-
state configuration consisting of three rotational tran-
sitions in the microwave regime are considered promis-
ing. A method of coherently controlled adiabatic pas-
sage [33–35], termed “cyclic population transfer” (CPT),
is of importance and interest. Though this method may
enable the highly efficient enantiomer-selective tasks by
following the concepts from the adiabatic passage tech-
niques [36, 37], while it is usually slow and complicated.
Then fast schemes of nonadiabatic dynamic were pro-
posed using resonant ultrashort pulses [38–40]. Lately,
a lot of remarkable experiments were contributed to the
verification of enantiomeric differentiation and the probe
of enantiomeric excess based on the technique of mi-
crowave three-wave mixing (M3WM) [41–48]. Promoted
by experimental achivements, some proposals were put
forward very recently for the related issues, such as
the design of cyclic three-level configurations in chiral
molecules [49], shortcut-to-adiabatic (STA) enantiomer-
selective population transfer of chiral molecules by means
of shaped pulses [50, 51], and dynamic methods for the
enantiomeric excess determination [40] and the inner-
state enantio-separation [52].
The enantiomer-selective state transfer (ESST) is the
premise of many schemes for enantiomer separation [50],
enantiomer purification [33, 34], and enantiomeric ex-
cess determination [46, 47]. In this work, a two-path
interference approach is proposed for the ESST of chi-
ral molecules in a cyclic three-state configuration |1〉 ↔
|2〉 ↔ |3〉 ↔ |1〉 among three rotational levels. Two enan-
tiomers are both prepared initially in the ground state
|1〉, but finally evolve along two interfering paths into
entirely different states. The two interfering paths are
formed by a direct one-photon |1〉 ↔ |3〉 coupling and an
effective two-photon coupling with the intermediate state
|2〉. It is the pi-phase difference between two enantiomers
in the one-photon coupling that makes the two-path in-
2terference constructive for one enantiomer but destruc-
tive for the other. Therefore only one of two enantiomers
is excited into the excited state |3〉 but the other remains
in the ground state |1〉.
The present scheme is performed in the nonadiabatic
regime and thus faster than slow adiabatic schemes [33,
34], whilst different from the nonadiabatic dynamic
methods [38, 39, 46–48, 52], the one- and two-photon pro-
cesses can be performed synchronously or subsequently,
without relying on a fixed time order. Besides, by means
of pulse engineering we use the shaped pulses in the
scheme so as to enhance the efficiency and robustness.
In addition, compared with the STA schemes [50, 51],
the present approach is of flexibility in the waveforms
as well as the time order of two coupling paths. As an
example, we apply this two-path interference scheme in
a sample of cyclohexylmethanol (C7H14O) molecules and
the experimental issues concerning unwanted transitions,
imperfect initial state, pulse shaping, control errors and
finite lifetimes of higher energy levels are discussed. Sim-
ulative results indicate that the robust and highly effi-
cient ESST of cyclohexylmethanol molecules can be ob-
tained. Furthermore, based on the finished ESST, the
further possible tasks of the enantiomer separation and
the M3WM-assisted determination of enantiomeric ex-
cess are discussed.
II. TWO-PATH INTERFERENCE APPROACH
A. Two enantiomers interacting with three
orthogonal microwave fields
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FIG. 1. Couplings among three rotational energy states in
two enantiomers of chiral molecules. Three orthogonal mi-
crowave fields are imposed to drive three types of transitions
with orthogonal electric-dipole moments, respectively. The
electric-dipole moments of two enantiomers are mirrored with
each other.
A cyclic three-state configuration in two enantiomers
is shown in Fig. 1, in which three rotational energy states
|1〉, |2〉 and |3〉 are considered for each enantiomer. The
electric-dipole-allowed transitions |1〉 ↔ |2〉, |1〉 ↔ |3〉,
and |2〉 ↔ |3〉 have their individual dipole moments −→µ 12,−→µ 13, and −→µ 23. Because the inertia moments of molecules
determine their rotational spectra, molecular rotational
spectra depend on the distribution of atomic masses in
the molecules. Therefore, the rotational spectroscopy is
sensitive to even tiny structural or mass changes. Corre-
spondingly, three types of electric-dipole moments of one
enantiomer are mirrored with their counterparts of the
other enantiomer due to their asymmetric distribution of
atoms [53].
Three orthogonal microwave fields P , Q, and S irradi-
ate molecules of the two enantiomers to drive the three
rotational transitions with individual Rabi frequencies
Ωp, Ωq, and Ωs, as shown in Fig. 1. The strength of the j
field (j = p, q, s) is expressed by
−→
Ej =
−→ejεj cos(ωjt+φj),
where −→ej , εj , ωj , and φj are the unit vector, amplitude,
frequency, and phase, respectively. Correspondingly,
Ωp ≡ −→µ 12 · −→epεp, Ωq ≡ −→µ 13 · −→epεp, and Ωs ≡ −→µ 23 · −→epεp.
Here we set |1〉 as the zero-energy point and use the
natural unit ~ = 1 for simplicity. The Hamiltonian of the
cyclic three-state configuration can be represented by
Hˆ0 = ω12|2〉〈2|+ ω13|3〉〈3|+
(−→µ 12 · −→Ep|1〉〈2|
+−→µ 13 ·
−→
Eq|1〉〈3|+−→µ 23 ·
−→
Es|2〉〈3|+H.c.
)
, (1)
where ω1,n (n = 2, 3) is the |1〉 ↔ |n〉 transition
frequency. Owing to the mirror reflection of electric-
dipole moments of two enantiomers, the triple product−→µ 12 · (−→µ 13 ×−→µ 23) is of opposite signs for the two enan-
tiomers. For convenience, we specify the model such
that for two enantiomers, −→µ 12 as well as −→µ 23 is of an
identical orientation while −→µ 13 is of opposite orienta-
tions, as shown in Fig. 1, which results in two enan-
tiomers holding identical Ωp and Ωs but opposite-sign
Ωq. In laboratory framework, it can be achieved by
choosing a suitable set of axes, as treated in the re-
cent experiment [46]. Alternatively, one can choose a
suitable group of phases of the three microwave fields,
as the recent experiment [48]. Hereinafter we consider
conditions: (i) Rotating-wave approximation ωj ≫ |Ωj |;
(ii) Resonant one-photon |1〉 ↔ |3〉 transition ω13 = ωq;
(iii) Resonant two-photon |1〉 ↔ |3〉 transition but off-
resonant one-photon |1〉 ↔ |2〉 and |2〉 ↔ |3〉 transitions
ω12 − ωp = ω23 − ωs = ∆.
B. Enantiomer-selective state transfer through the
two-path interference
Under the rotating-wave approximation, the Hamilto-
nian (1) can be written in the interaction picture for two
enantiomers
HˆL,R =
(
Ωp
2
|2〉〈1|+ Ωs
2
|2〉〈3|
)
ei∆t ± Ωq
2
|1〉〈3|+H.c.,
(2)
where the subscripts “L” and “R” denote the left and
right handedness, respectively. We have chosen all phases
of three microwave pulses as zero. The last term describes
a direct |1〉 ↔ |3〉 coupling of a one-photon process, and
two enantiomers differ in the Rabi frequency Ωq by a
3pi phase. The identical first term denotes the detuned
|1〉 ↔ |2〉 and |2〉 ↔ |3〉 transitions with detuning ∆, but
the two-photon |1〉 ↔ |3〉 transition is resonant.
We aim to form an effective two-photon |1〉 ↔ |3〉
coupling that can interfere with the direct one-photon
coupling. Therefore, the interference between the one-
photon transitions |1〉 ↔ |3〉 and |1〉 ↔ |2〉 or |2〉 ↔ |3〉
has to be absent, because it makes the one-photon tran-
sition |1〉 ↔ |3〉 not only governed by Q pulse but also af-
fected by P and S pulses. A valid way is to eliminate the
occupation of the intermediate state |2〉 during the two-
photon process |1〉 ↔ |2〉 ↔ |3〉, which can make the one-
and two-photon processes independent on each other.
Then under the large-detuning condition ∆ ≫ Ωp,Ωs
the dynamics of two enantiomers can be dominated by
the following effective Hamiltonian (seeAppendix A for
details)
HˆeL,R =
Ωq ∓ Ωeff
2
|1〉〈3|+H.c., (3)
with Ωeff ≡ ΩpΩs/2∆. Since two enantiomers dif-
fer in the one-photon coupling by a pi-phase difference,
the two paths interfere with each other constructively
for R-handed molecules but destructively for L-handed
molecules. We assume that the operation starts at t = 0
and ends at t = T . If we control the pulse areas of the
three microwave pulses to satisfy∫ T
0
Ωq − Ωeff
2
dt = nlpi,
∫ T
0
Ωq +Ωeff
2
dt = (nr +
1
2
)pi,
(4)
with nl and nr being integer numbers, R-handed
molecules will be excited into |3〉 while L-handed
molecules remain or evolve back to |1〉, which means the
implementation of the ESST. This ESST is achieved by
the interference of transitions rather than the CPT com-
monly used in the existing schemes [33, 34, 38, 39, 47,
48, 50–52].
III. PULSE ENGINEERING
A. Efficiency of the state transfer with shaped
pulses
High efficiency is one of the advantages of the
enantiomer-selective schemes based on the microwave-
regime rotational spectroscopy, because the pure electric-
dipole couplings allow for the strong molecule-filed inter-
actions and the intense chiral molecular signals. In or-
der to ensure a faithful two-path interference, the ratio
∆/Ω0 in theory is supposed to be as large as possible,
with Ω0 ≡ max{Ωp, Ωs} being the maximum amplitude
of Rabi frequencies Ωp and Ωs. In practice, however, it is
unnecessary to adopt a very large ratio ∆/Ω0, and thus
a relatively high efficiency can be held.
In order to get a moderate ratio ∆/Ω0, now we solely
consider the two-photon coupling to excite all molecules
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FIG. 2. Final population of |3〉 of all molecules excited
through only the two-photon process with varying ∆/Ω0 for
square (solid red line) or shaped (blue dashed line) P and S
pulses.
from |1〉 into |3〉, and the partial Hamiltonian hˆ(t) =
(Ωp|2〉〈1|+Ωs|2〉〈3|)ei∆t/2 + H.c. governs the evolution.
For the square P and S pulses with Ωp = Ωs = Ω0,
the pulse area should satisfy
∫ T
0
Ωeffdt = pi, i.e., T =
2pi∆/Ω20, to make all molecules excited into |3〉. In
Fig. 2 (solid red line), we plot the final (t = T ) popula-
tion of |3〉 of all molecules with varying ∆/Ω0. When the
ratio ∆/Ω0 reaches over a certain value (about 10), the
final population of |3〉 reaches near unity. For ∆ = 10Ω0,
the effective strength of the two-photon |1〉 ↔ |3〉 cou-
pling is Ωeff = 0.05Ω0, which is smaller than the original
strength by near two orders of magnitude.
Recently, pulse engineering is widely studied to seek
for robust dynamics and steady quantum state [54–56].
Here, we use the pulse engineering to enhance the ef-
ficiency of the ESST by replacing square pulses with
shaped pulses that are turned on and off smoothly. The
waveforms of P and S pulses can be chosen as a single-
period cos-like function
Ωp = Ωs =
{
Ω0
2
(
1− cos 2pit
T0
)
, 0 6 t 6 T0
0, otherwise
, (5)
with T0 being the period. Then with T = T0 =
16pi∆/3Ω20, the final population of |3〉 with varying ∆/Ω0
is also plotted in Fig. 2 (dashed blue line). Apparently,
the final population of |3〉 can reach very near unity as
long as ∆/Ω0 > 2. There are few oscillations once the fi-
nal population of |3〉 reach near unity, which denotes a ro-
bust state transfer. Furthermore, when ∆/Ω0 > 4 the fi-
nal population of |3〉 can be over 0.999. For ∆ = 4Ω0, the
two-photon coupling strength is Ωeff = 0.125Ω0 smaller
than the original strength by just one order of magnitude.
The strengths of magnetic-dipole and electric-
quadrupole transitions are five and six orders of mag-
nitude, weaker than that of the electric-dipole transi-
tion, respectively. Therefore, the efficiency of the present
scheme based on the square pulses is about three or four
4orders of magnitude higher than that of the conventional
circular dichroism, and comparable to the photoelectron
circular dichroism [57]. The scheme with pulse engi-
neering can work better than the photoelectron circu-
lar dichroism, and the efficiency is over four orders of
magnitude higher than that of the conventional circular
dichroism.
B. Flexibility in the pulse waveforms and the time
order of two paths
With the established two interfering paths, the condi-
tions of achieving the ESST are listed in Eq. (4). The
conditions are not limited by the waveforms of three
pulses and even the time order of two paths, which is
different from the existing adiabatic [33, 34], nonadia-
batic [38, 46–48, 52], and STA schemes [50, 51]. To test
it, we choose different waveforms of Q pulse combined
with the the waveforms in Eq. (5) of P and S pulses to
exhibit the flexibility in the pulse waveforms and the time
order of two paths. Typically, we pick up nl = nr = 0
hereinafter so as to achieve the state transfer in a short
duration, and it requires
∫ T
0 Ωqdt =
∫ T
0 Ωeffdt = pi/2
which gives T0 = 8pi∆/3Ω
2
0. Take several examples of
the waveform of Q pulse:
(i) Single-period cos-like waveform imposed after fin-
ishing the two-photon effective coupling
Ωq =
{
Ω′
0
2
[
1− cos 2pi(t−T0)
T ′
0
]
, T0 6 t 6 T0 + T
′
0
0, otherwise
(6)
with Ω′0 being the maximum amplitude, T0 (the period of
Ωp and Ωs) the delay, and T
′
0 = pi/Ω
′
0 the period, making
T = T0 + T
′
0;
(ii) Gaussian waveform with a delay to Ωeff
Ωq = Ω
′
0 exp
[−(t− 3tc)2/t2c] , (7)
with tc =
√
pi/2Ω′0 being the width, T = max{6tc, T0};
(iii) Single-period cos2-like waveform thoroughly coin-
ciding with Ωeff
Ωq =
{
Ω′
0
4
(
1− cos 2pit
T0
)2
, 0 6 t 6 T0
0, otherwise
(8)
with Ω′0 = Ω
2
0/2∆ being the maximum amplitude, T =
T0.
Three exampled waveforms in Eqs. (6)-(8) of Q pulse
combined with Ωeff and the waveform in Eq. (5) of P
and S pulses are shown, respectively, in Figs. 3(a), (c),
and (e), by means of which we plot the time evolutions
of the population of |3〉 for two enantiomers (P3L for L-
handedness and P3R for R-handedness) in Figs. 3(b), (d),
and (f), correspondingly. We learn that all the three
sets of pulse waveforms can guarantee that R-handed
molecules are excited into |3〉 from |1〉 but L-handed ones
unchanged. It illustrates that the present two-path in-
terference scheme of the ESST possesses flexibility in the
pulse waveforms and the time order of two paths.
0 1 2 3 4
0 1 2 3 4
0 2 4 6
0.0
0.5
1.0
0 1 2 3 4 5
0 1 2 3 4 5
0 2 4 6
0
5
10
 (a)
 (b)
 (d)
 (c)  (e)
 (f)
FIG. 3. (a), (c), and (e): Shapes of Ωp, Ωs, Ωq and Ωeff . For
Ωq , the shapes in (a), (c), and (e) are of the waveforms in
Eqs. (6), (7), and (8), respectively. (b), (d), and (f): Time
evolutions of the population of |3〉 for the left-handed (solid
blue line) and right-handed (dashed red line) molecules. Pa-
rameters: Ω0 = 10Ω
′
0 and ∆ = 50Ω
′
0.
IV. SIMULATION WITH
CYCLOHEXYLMETHANOL MOLECULES
In this section, we simulate the two-path interference
scheme by using a cyclic three-state configuration |101〉 ↔
|212〉 ↔ |202〉 ↔ |101〉 in cyclohexylmethanol (C7H14O)
molecules, which has been used in a supersonic jet experi-
ment for the CPT within 2-8 GHz microwave regime [48].
The mirror-refection molecular structure diagram of two
enantiomers is shown in Fig. 4(a), and the cyclic three-
state configuration in Fig. 4(b). The energy levels desig-
nated with |JKa,Kc〉, where J is the rotational quantum
number and Ka and Kc are the projections of J onto
the principal axes of the molecule. Two enantiomers
have the conformer constants A = 3898.45 MHz, B =
1319.59 MHz, and C = 1062.55 MHz. There are three
types of rotational transitions, a-type, b-type, and c-type
with dipole moments |µa| = 0.4 Debye, |µb| = 1.2 Debye,
and |µc| = 0.8 Debye, respectively. We define |1〉 ≡ |101〉,
|2〉 ≡ |212〉 and |3〉 ≡ |202〉 to make Figs. 1 and 4(a) coin-
cident. Another state |4〉 ≡ |111〉 is also considered, be-
cause it is involved in two possible unwanted transitions.
In the following, by means of the master equation (see
Appendix B for details) we simulate the effect of some
possible factors on the performance of the two-path in-
terference scheme of the ESST.
A. Pulse shaping with a finite time resolution
With arbitrary waveform generators, the shapes of
three pulses can be obtained by modulating the filed am-
plitudes corresponding to voltages applied to the electro-
optic modulators [58, 59]. Referring to three transi-
tion dipole moments, we adopt Ω0 = 12 MHz and
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FIG. 4. (a) Mirror-refection molecular structure diagram
of two enantiomers of cyclohexylmethanol molecules. The
electric-dipole moment orientations of three types of ro-
tational transitions are depicted in inner cubes nearby.
(b) Cyclic three-state configuration (solid thick arrows)
in cyclohexylmethanol molecules and unwanted transi-
tions (dashed thin arrows).
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FIG. 5. (a) Waveforms of three pulses with a time resolution
dt = 50 ns. (b) Time evolution of D by using the pulse
waveforms in (a). Parameters without energy relaxations:
Ω0 = 12 MHz, Ω
′
0 = 2 MHz, T0 = 3.5 µs, tc = 0.443 µs, and
∆ = 60 MHz.
Ω′0 = 2 MHz to simulate the ESST of cyclohexyl-
methanol molecules. The waveforms of three pulses given
in Eqs. (5) and (7) are adopted, with T = T0 = 3.5 µs
and tc = 0.443 µs.
Continuously varied waveforms are desired but usually
unrealistic. In Fig. 5(a), we plot the waveforms of three
pulses by introducing a finite time resolution dt = 50 ns,
and thus each waveform consists of a series of square
pulses within 50 ns duration. Then we substitute the
waveforms in Fig. 5(a) into the master equation and con-
sider the energy relaxations absent. The time evolution
of the ESST of the cyclohexylmethanol sample is exhib-
ited in Fig. 5(b), for which the performance (or fidelity)
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FIG. 6. (a) Waveforms of three AWGN-mixed pulses with
RSN = 10. (b) Time evolution of D by using the pulse wave-
forms in (a). (c) Waveforms of three randomly-fluctuated
pulses with η = 0.5. (d) Time evolution of D by using the
pulse waveforms in (c). dt = 10 ns and other parameters are
the same as Fig. 5.
of the ESST is measured by a quantity
D = |P3L − P3R| . (9)
The fidelity of the ESST increases with time, and a high-
fidelity ESST with D = 0.993 is indicated finally. As
a matter of fact, the time resolution dt = 50 ns used
here is far large than that reported in recent experi-
ments. The arbitrary waveform generators can realize
the minimal possible time resolution ∼ 0.25 ns [58] or
even ∼ 0.1 ns [59]. Therefore in the following, we use
safely the time resolution dt = 10 ns for the waveforms
of three pulses.
B. Errors in amplitudes and frequencies of pulses
In experiment, it is inevitable that operations on three
pulses suffer from errors originating from the imprecise
apparatus, imperfect control, and various unpredictable
fluctuations, so it is essential to investigate the effect of
errors in three pulses on the ESST performance. Here, we
mainly concern random amplitude noises and frequency
drifts.
Due to some uncontrollable factors such as the stray
light mixing and unstability of voltages, the three
pulses may be disturbed by additive white Gaussian
noises (AWGN) and random fluctuations. An AWGN-
mixed Rabi frequency is written as
ΩAWGN(t) = Ω(t) + awgn[Ω(t), RSN], (10)
with awgn being the generation function of AWGNmixed
into the original pulse Ω(t) with a signal-to-noise ratio
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FIG. 7. Effect of the deviation of each pulse frequency on the
ESST performance of the cyclohexylmethanol sample. Pa-
rameters are the same as Fig. 6.
RSN. A randomly-fluctuated Rabi frequency is
Ωrand(t) = Ω(t)[1 + rand(t, η)], (11)
where rand is a function generating a random number
within [−η, η]. We plot three AWGN-mixed waveforms
with RSN = 10 and randomly-fluctuated waveforms with
η = 0.5, respectively, in Figs. 6(a) and (c), based on
which the time evolutions of the ESST performance of
the cyclohexylmethanol sample are plotted in Figs. 6(b)
and (d), correspondingly. Apparently, the waveforms in
Figs. 6(a) and (c) are deformed greatly, but the time
evolutions of the ESST performance is influenced little
by either the AWGN or random fluctuations in three
pulses. And the high-fidelity (D = 0.994) ESST can be
reached finally. In fact, the realistic signal-to-noise ratio
is usually lower than that considered in Fig. 6. Figure 6
demonstrates that the influence of the random amplitude
noises including AWGN and random fluctuations on the
ESST performance are negligible. The reason lies in that
AWGN as well as random fluctuations has random ab-
solute values and random plus-minus signs, which causes
that the valid pulse areas for the two interfering paths
remain unchanged.
Due to the imprecise apparatus or imperfect control
of generating three pulses at their fixed frequencies, the
pulse frequencies may drift to some extent. The effect of
the deviation of each pulse frequency on the ESST per-
formance of the cyclohexylmethanol sample is plotted in
Fig. 7, from which we learn that the ESST performance
is sensitive to the frequency deviation of each pulse (i.e.,
detuning of the corresponding transition) since the two-
path interference approach is built on the resonant regime
for both one-photon and two-photon coupling paths.
A larger ratio of detuning to Rabi frequency will usu-
ally spoil the intended dynamics more significantly. In
Fig. 7, however the line for the frequency deviation of
Q pulse that has the smallest Rabi frequency holds the
highest D, which is because that the effective Rabi fre-
quency (max{Ωeff} = 1.2 MHz) of the two-photon cou-
pling path is less than Ωq. To summary, the present
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FIG. 8. Final ESST performance of the cyclohexylmethanol
sample with varying τ2 and τ3. Parameters are the same as
Fig. 6.
approach requires relatively precise control of pulse fre-
quencies. As a matter of fact, it is a common issue for the
existing schemes [33, 34, 38, 46–48, 50–52], especially for
the schemes in resonant regime [38, 46–48, 50, 51]. To
this end, the state-of-the-art quantum optimal control
techniques may give some alternative insights [54, 55].
C. Energy relaxation
The states of cyclohexylmethanol molecules used for
the cyclic three-state configuration are three relatively
lower rotational levels and have long coherence times.
However, there is a little probability that higher states re-
lax into the lower states than them. Here we consider the
lifetimes of |2〉 and |3〉 as τ2 and τ3, respectively, and then
γ1,2 = |µb|/[τ2(|µa|+ |µb|+ |µc|)], γ3,2 = |µc|/[τ2(|µa|+
|µb| + |µc|)], γ4,2 = |µa|/[τ2(|µa| + |µb| + |µc|)] and
γ1,3 = 1/τ3. For simplicity, the rotational state |4〉 is
assumed to be steady since |4〉 is a lower state than |2〉
and |3〉, and besides |4〉 is populated very little.
Figure 8 shows the effect of varying τ2 and τ3 on the
ESST performance of the cyclohexylmethanol sample.
Apparently, even a near zero τ2 hardly affects the per-
formance of the ESST since |2〉 is not populated dur-
ing the whole enantiomer-selective process. For achiev-
ing the high-fidelity (D > 0.99) ESST of the cyclohexyl-
methanol sample, τ2 > 50 µs and τ3 > 400 µs are avail-
able enough. The lifetimes of the rotational states are
seldom considered one of the the main factors that af-
fect the performance of the enantiomer-selective tasks of
chiral molecules for the schemes based on the microwave
spectroscopy. On one hand, the electric-dipole couplings
allow the fast implementation of the enantiomer-selective
tasks. On the other hand, rotational states that are
adopted to form a cyclic three-state configuration are of
long radiative lifetimes which is usually over 1 microsec-
ond.
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V. FURTHER APPLICATIONS OF THE
FINISHED ESST
The ESST finished through the two-path interference
scheme renders the discrimination of chiral molecules,
which can be then followed by other enantiomer-selective
tasks of chiral molecules. Not limited by the enantiomeric
excess of the sample, the molecules of a certain hand-
edness (either L- or R-handedness is possible, see Ap-
pendix C) can be selectively excited into the higher
state |3〉, while the molecules of the other handedness
remain in the lower state |1〉. Owing to the energy differ-
ence between two enantiomers, the molecules excited into
the higher state |3〉 can be selectively ionized by applying
a resonantly enhanced multi-photon ionization scheme,
and then the enantio-separation can be implemented by
an electric field to remove the ionized molecules [50, 60].
In addition, the finished ESST can be applied to deter-
mine the enantiomeric excess by combining the technique
of M3WM. Taking the cyclohexylmethanol molecules as
an example, an extra three-state cyclic configuration
|202〉 ↔ |303〉 ↔ |313〉 ↔ |202〉 are introduced to serve for
the M3WM, as shown in Fig. 9(a). First of all, the ESST
is executed with synchronous three pulses in the two-path
interference scheme, as shown in Fig. 9(b). Then two new
microwave fields should be imposed for the M3WM. The
earlier one at the frequency 7035.9 MHz serves as the so-
called “drive” pulse with a pulse area pi/2, exciting the
molecules in |202〉 to make them evolve into the maximum
coherence between |202〉 and |303〉. A following “twist”
pulse at 2017.5 MHz with a pulse area pi shifts the pop-
ulation from |303〉 into |313〉 so as to create a coherence
between the states |202〉 and |313〉.
Afterward, in the form of the free-induction decay of
the sample, the molecular signal that is mutually orthog-
onal to the drive and twist fields is created and can be
recorded using Fourier transformmicrowave spectroscopy
techniques [61]. The diagram of the pulse scheme for the
M3WM is shown in Fig. 9(c). The intensity of this in-
duced signal, i.e., so-called “listen” field, is proportional
to [62]
ee · |µa · (µb×µc)| · cos
[
2piωt+
piµa · (µb × µc)
2|µa · (µb × µc)|
]
, (12)
where ee denotes the enantiomeric excess, and ω the fre-
quency of the listen transition, i.e., 9053.4 MHz. Because
the sign of µa · (µb × µc)/|µa · (µb × µc)| is enantiomer-
dependent, the sign of the listen signal is dependent on
the choice of the enantiomer excited in the ESST process.
Finally, taking a sample with known enantiomeric excess
as a reference and normalizing the signal intensity of this
sample, the enantiomeric excess of a target sample can
be determined according to the listen field sign and the
intensity comparison of signals between the target and
reference samples. It is noted that the M3WM is based
on a finished ESST, so it works only for the molecules
of one enantiomer that has been selectively excited in
the ESST process. Therefore, even when the molecu-
lar sample is the racemic mixture of enantiomers, the
definite-intensity listen signal can be detected, which is
different from the conventional M3WM technique where
a nonzero net signal arises only if one of the enantiomers
is in excess [41–43].
In addition, except the commonly used means with
the drive pulse followed by the twist pulse, here we
propose two alternative ways to the implementation of
the maximum coherence for the M3WM between |202〉
and |313〉. The two ways are both based on the two-
8photon processes |202〉 ↔ |303〉 ↔ |313〉 with two syn-
chronous pulses, one for the transition |202〉 ↔ |303〉
with Rabi frequency Ωd, and the other for |303〉 ↔ |313〉
with Rabi frequency Ωt. One way to the maximum co-
herence between |202〉 and |313〉 is to form an effective
|202〉 ↔ |313〉 coupling through the adiabatic elimination
of |303〉 with a large one-photon detuning ∆′, which is
similar to the two-photon path in the two-path interfer-
ence of the ESST. Then by controlling the pulse pulse
area
∫
ΩdΩt/2∆
′dt = pi/2, the maximum coherence be-
tween |202〉 and |313〉 can be attained. The other way is
based on a resonant stimulated Raman process, and the
conditions are the relation Ωd = (
√
2+1)Ωt and the pulse
area
∫ √
Ω2d +Ω
2
tdt = pi, which consumes shorter time
than the way of the second-order effective |202〉 ↔ |313〉
coupling. Different from the commonly used means, the
latter two ways implement the maximum coherence be-
tween |202〉 and |313〉 in just one step, and the interme-
diate coherence between |202〉 and |303〉 is unnecessary.
VI. CONCLUSION
We present a two-path interference scheme for the
enantiomer-selective state transfer (ESST) of chiral
molecules. Two interfering paths are constructed by the
one- and two-photon |1〉 ↔ |3〉 transitions. The pi-phase
difference in the one-photon path between two enan-
tiomers enables the interference destructive for one enan-
tiomer but constructive for the other, which therefore
results in the entirely different population distributions
of two enantiomers. The simulative application of the
present scheme in a cyclohexylmethanol sample demon-
strates that the high-fidelity ESST can be achieved, even
if the unwanted transitions, imperfect initial state, finite
time resolution in pulse shaping, control errors and finite
lifetimes of higher energy levels are taken into account.
Furthermore, we seek for the application of the finished
ESST in implementing enantio-separation and determin-
ing enantiomeric excess.
The two-path interference scheme is distinct from the
existing schemes of the enantiomer-selective state trans-
fer of chiral molecules. On one hand, the two-path in-
terference scheme is faster than the adiabatic schemes
that need slowly varied drive fields. On the other hand,
the scheme can be performed with separate, partially
overlapping, or synchronous two paths, which is of more
flexibility of pulse sequences than the cyclic-population-
transfer schemes depending on a fixed pulse order. In ad-
dition, compared with the lately developed shortcut-to-
adiabatic schemes with synchronous pulses, the two-path
interference scheme is not limited by the pulse waveforms
and the match relation among the pulse amplitudes. Fi-
nally, the two alternative ways to the implementation
of the maximum coherence for the M3WM are different
from the commonly used means.
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APPENDIX A: EFFECTIVE HAMILTONIAN
FOR TWO ENANTIOMERS
By solving the Schro¨dinger equation i∂|ψ(t)〉/∂t =
HˆL,R|ψ(t)〉, where |ψ(t)〉 = c1|1〉+ c2|2〉+ c3|3〉 with the
normalization relation |c1|2 + |c2|2 + |c3|2 = 1 is the evo-
lutive state, one can obtain
ic˙1 =
Ωp
2
C2 ± Ωq
2
c3,
iC˙2 = ∆C2 + Ωp
2
c1 +
Ωs
2
c3,
ic˙3 =
Ωs
2
C2 ± Ωq
2
c1, (A1)
with C2 = e−i∆tc2. A large ∆ makes |iC˙2| ≪ |∆C2|, thus
we can set C˙2 = 0 that gives
C2 = − 1
∆
(
Ωp
2
c1 +
Ωs
2
c3
)
. (A2)
By substituting Eq. (A2) into Eq. (A1), one can get
ic˙1 = −
Ω2p
4∆
c1 −
(
ΩpΩs
4∆
∓ Ωq
2
)
c3,
ic˙3 = −Ω
2
s
4∆
c3 −
(
ΩpΩs
4∆
∓ Ωq
2
)
c1. (A3)
Conversely, according to Eq. (A3) an effective Hamilto-
nian of HˆL,R in Eq. (2) can be developed
HˆeL,R =
Ω2p
4∆
|1〉〈1|+ Ω
2
s
4∆
|3〉〈3|
+
(
ΩpΩs
4∆
∓ Ωq
2
)
(|1〉〈3|+ |3〉〈1|), (A4)
for which we have neglected the global phase. The first
two terms in Eq. (A4) are the Stark shifts of |1〉 and
|3〉, while the last term denotes the effective interaction
between |1〉 and |3〉 with an effective Rabi frequency
Ωeff ≡ ΩpΩs/2∆. Further, the Stark-shift terms can
be dropped with Ωp = Ωs because of the completeness
|1〉〈1|+ |3〉〈3| = Iˆ, Iˆ being the unit operator.
9APPENDIX B: MASTER EQUATION WITH
UNWANTED TRANSITIONS AND AN
IMPERFECT INITIAL STATE
The five considered transitions |1〉 ↔ |2〉, |1〉 ↔ |3〉,
|2〉 ↔ |3〉, |1〉 ↔ |4〉, and |2〉 ↔ |4〉 are of the tran-
sition frequencies ω12 = 7059 MHz (b-type), ω13 =
4720 MHz (a-type), ω23 = 2339 MHz (c-type), ω14 =
2575 MHz (c-type), and ω24 = 4484 MHz (a-type), re-
spectively. The a-type, b-type, and c-type transitions are
driven by orthogonal Q pulse at frequency ωq = ω13, P
pulse at frequency ωp = ω12 − ∆, and S pulse at fre-
quency ωs = ω23 −∆, respectively. By choosing appro-
priate axes such that each transition dipole moment and
its driving field has the same orientation, the evolutions
of two enantiomers can be governed by the Hamiltonian
HˆL,R =
4∑
j=2
ω1j |j〉〈j|+ [Ωp cosωpt|1〉〈2|
± Ωq cosωqt(|1〉〈3|+ |2〉〈4|)
+ Ωs cosωst(|2〉〈3|+ |1〉〈4|) + H.c.]. (B1)
An experiment of the present proposal is supposed to
carry out with the ultra-cooled cyclohexylmethanol sam-
ple, for which the temperature of sample should be low
enough so that all molecules can be prepared perfectly
in the initial state |1〉. Buffer gas cooling and supersonic
expansions are two valid tools for cooling the molecular
samples. In recent experiments, the molecular samples
can be cooled to a temperature of around 5-10 K by
using a cryogenic buffer gas cell [41, 42, 46]. The su-
personic expansion can cool the molecules to rotational
temperatures of about 1-2 K [43, 45, 47, 48]. Here we
assume that the present proposal is carried out at a rel-
atively low temperature, and all molecules are prepared
initially in a lowly-mixed state with the density oper-
ator ρˆ0 = 0.998|1〉〈1| + 0.001|2〉〈2| + 0.001|3〉〈3|, which
means that the initial state contains a spot of |2〉 and |3〉
with the same mixed probability 0.001. Then the time
evolution of the density operator ρˆ can be ruled by the
Markovian master equation when the energy relaxations
of higher energy states are taken into account
∂ρˆ
∂t
= iρˆHˆL,R − iHˆL,Rρˆ
−
4∑
j=2
γ1,j
2
(
σˆ†1,j σˆ1,j ρˆ− 2σˆ1,j ρˆσˆ†1,j + ρˆσˆ†1,j σˆ1,j
)
−
∑
k=3,4
γk,2
2
(
σˆ†k,2σˆk,2ρˆ− 2σˆk,2ρˆσˆ†k,2 + ρˆσˆ†k,2σˆk,2
)
,
(B2)
with γm,n being the relaxation rate from |n〉 to |m〉 and
σˆm,n ≡ |m〉〈n| the relaxation operator.
APPENDIX C: DEPENDENCE OF THE
ENANTIOMER-SELECTIVE EXCITATION ON
FIELD PHASES
Dependence of the enantiomer-selective tasks on the
phases of fields is a common property for the existing
schemes, and also it can be used to switch the excitation
of the two enantiomers. Phases of the three microwave
fields are chosen as zero for convenience, while it is of
course not a sole choice. When taking nonzero phases
of the three microwave fields into account, the effective
Hamiltonian Eq. (3) for the two enantiomers becomes
HˆeffL,R =
Ωqe
iφqt ∓ Ωeffei(φp−φs)t
2
|1〉〈3|+H.c., (C1)
From Eq. (C1) we can find that the three field phases
have decisive effect on the two-path interference pecu-
liarities of the two enantiomers. For the interference be-
tween the one- and two-photon |1〉 ↔ |3〉 transitions be-
ing constructive for one enantiomer but destructive for
the other, the condition is
φq − φp + φs = npi, n ∈ integers, (C2)
in which when n is odd (even), the two-path interfer-
ence is constructive for L-handed (R-handed) molecules
but destructive for R-handed (L-handed) ones. There-
fore, any one of the three fields having a change of a pi
phase will invert the interference properties of the two
enantiomers and switch the excitation of the two enan-
tiomers.
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